INTRODUCTION
It is now widely accepted that oxidative stress is associated with various disorders and diseases. Oxidative stress is defined as an imbalance between oxidants and antioxidants in favor of the former, which can potentially lead to cell damage. Oxidative stress may be induced by oxidants and non-oxidants, such as stress-induced gastric ulcer. It is noteworthy that even though the level of stress induced is relatively lower than its antioxidant capacity, the stress acts as a signal to which the body responds. Furthermore, when the stress level exceeds the defense capacity, it may induce oxidative damage distress , whereas low-level stress may stimulate defense networks and induce an adaptive response eustress 1 .
Researchers have focused their attention on lipid peroxidation products to elucidate the mechanism of lipid oxidation and its involvement in pathogenesis and to develop specific and practical biomarkers for diagnosis of diseases and evaluation of treatment strategies. Recently, the bio-logical roles of molecules whose expression is induced by oxidative stress have received considerable attention for the elucidation of pathological mechanisms and for the practical clinical application of these molecules as biomarkers. For example, in the last 50 years, lipid peroxidation has been the subject of extensive studies from the viewpoints of mechanisms, dynamics, product analysis, involvement in diseases, inhibition, and biological signaling. Lipid peroxidation is known to play a role in the underlying mechanisms of several disorders and diseases, such as cancer, cardiovascular and neurodegenerative diseases, as well as in aging, with increasing evidence indicating the involvement of in vivo oxidation in these conditions 2 4 .
More importantly, it has been reported that specific lipid peroxidation products exert various biological functions in vivo, such as the regulation of gene expression, signaling, activating receptors, and adaptive responses 5 8 . Additionally, lipid peroxidation has also been observed in vitro. Toxic nanoparticles such as NiO caused cellular lipid per-oxidation 9 . In this review, the uses and limitations of lipid peroxidation products as biomarkers for the early detection of diseases are highlighted by discussing recent findings, including research from our laboratory. In particular, the potential of practical and clinical applications of hydroxyoctadecadienoic acids HODE are discussed.
Enzymatic and non-enzymatic lipid peroxidation
Lipid peroxidation proceeds by three distinct mechanisms: 1 free radical-mediated oxidation, 2 free radical independent non-enzymatic oxidation, and 3 enzymatic oxidation. Both poly-unsaturated fatty acid PUFA and cholesterol are oxidized in enzymatic and non-enzymatic pathways. For example, the oxidation of linoleic acids by lipoxygenase proceeds catalytically to produce regio-, stereo-, and enantio-specific 13S -hydroperoxy-9Z and 11E-octadecadienoate HPODE , as shown in Fig. 1 . However, enzymatic lipid oxidation in membranes and lipoproteins may not be fully enantioselective 10 . The selectivity depends on the type of enzymes, substrates, and reaction milieu. The free radical-mediated peroxidation of PUFA proceeds in five elementary reactions: 1 the transfer of an hydrogen atom from PUFA to the chain initiating the radical or the chain carrying the peroxyl radical to produce a pentadienyl carbon-centered lipid radical, 2 the reaction of the lipid radical with molecular oxygen to produce a lipid peroxyl radical, 3 the fragmentation of the lipid peroxyl radical to produce oxygen and a lipid radical the reverse reaction of the above reaction 2 , 4 the rearrangement of the peroxyl radical, and 5 the cyclization of the peroxyl radical 11 . This oxidation of PUFA is, in general, not enantio-specific. When free radical-mediated oxidation occurs, 9-and 13-Z, E and E, E -HPODEs are produced from linoleic acids. Little 11-Z, Z -HPODE is formed under normal conditions such as co-oxidation of linoleic acids with α-tocopherol 12 , as the pentadienyl radical that is formed by the abstraction of hydrogen at carbon-11 rearranges rapidly to form stable conjugated diene radicals. Singlet oxygen is also an important oxidant in vivo. Myeloperoxidase provides hypochlorous acid, which in combination with hydrogen peroxide, leads to the formation of singlet oxygen 13 . Singlet oxygen forms 9, 10, 12, 13-Z, E -HPODE from linoleic acids. Figure 2 summarizes the specificity of oxidation and HPODE isomers. A radical-mediated oxidation mechanism leads to four isomeric products: 13-hydroperoxy-9 Z , 11 E -octadecadienoic acid 13-Z, E -HPODE ; 13-hydroperoxy-9 E , 11 E -octadecadienoic acid 13-E, E -HPODE ; 9-hydroperoxy-10 E , 12 Z -octadecadienoic acid 9-E, Z -HPODE ; and 9-hydroperoxy-10 E , 12 E -octadecadienoic acid.
9-and 13-Z, E -HPODEs are also formed by enzymatic oxidation via lipoxygenase as enantio-, regio-, and stereospecific products. Thus, 9-and 13-E, E -HPODEs are specific products of radical-mediated oxidation.
In contrast, singlet oxygen and ozone oxidize linoleic acids by non-radical oxidation form 13-hydroperoxy-9 Z , 11 E -octadecadienoic acid 13-Z, E -HPODE , 10-hydroperoxy-8 E , 12 Z -octadecadienoic acid 10-E, Z -HPODE , 12-hydroperoxy-9 Z , 13 E -octadecadienoic acid 12-Z, E -HPODE , 9-hydroperoxy-10 E , and 12 Z -octadecadienoic acid 9-E, Z -HPODE . In this case, 10- Fig. 1 Stereochemistry of enzymatic oxidation of linoleic acid.
13(S)-9Z, 11E-HPODE is yielded by 15-lypoxygenase via positional, geometric, and enantio selective oxidation from linoleic acid.
and 12-Z, E -HPODEs are specific oxidation products of singlet oxygen. It should be noted that 10-, 11-, and 12-HPODEs do not contain a conjugated diene. Thus, the physiological effects may be quite different from other HODEs. Furthermore, 11-Z, Z -HPODE still contains a bisallylic hydrogen, which could be the target of further reactions 14 .
HPODEs are readily reduced by enzymes such as glutathione peroxidase to form the corresponding hydroxyl compounds HODEs in vivo. Apart from linoleic acid, the major PUFAs in vivo are arachidonic, eicosapentaenoic, and docosahexanoic acids. They have more bisallylic hydrogen than linoleic acid, which leads to a diverse group of oxidation products with hundreds of regio-, stereo-, and enantio-isomers.
Cholesterol is also oxidized enzymatically and non-enzymatically Fig. 3 . Cholesterol oxidation products, commonly referred to as oxysterols, have received increasing 7α-OHCh and 7-ketocholesterol (7-KCh) are formed by free radical-mediated oxidation specifically whereas 7α-OHCh is formed by both free radical and enzymatic oxidation.
attention as diagnostic biomarkers of oxidative stress, as intermediates in bile acid biosynthesis and messengers for cell signaling and cholesterol transport 15 . The free radicalmed i a t e d o x i d a tion of cholesterol gives 7 α-a n d 7β-hydroperoxycholesterol 7α-OOHCh and 7β-OOHCh , 5α, 6α, 5β, and 6β-epoxycholesterol, and 7-ketocholesterol 7-KCh , as the major products 16 . The conversion of 7-KCh to 7β-OHCh in vivo has been reported 17 . The oxidation of 7-OHCh either by the 7α-hydroxycholesterol dehydrogenase enzyme 18 or by non-enzymatic autoxidation gives 7-KCh. Moreover, 7β-OHCh may be regarded as a marker for free radical-mediated oxidation. Oxysterols are present in vivo in esterified, sulfated, and conjugated forms, as well as free oxysterols 19 . Recently, Porter et al.
reported that 7-dehydrocholesterol is the most oxidizable lipid molecule, and that the consequences of its extreme reactivity on human health should be clarified 20, 21 .
Compounds specifically detected in patients 3.1 Hydroperoxides
Detection of free radicals in vivo has been accomplished by using the electro spin resonance ESR technique with spin probes, because free radicals are too short-lived to be measured directly. However, the technique is not sensitive enough to measure spin adducts in vivo, and the required instrumentation is very expensive. Hydroperoxides are relatively stable and much attention has been devoted to measuring them. Typically, thiobarbituric acid TBA reactive substances are measured spectroscopically. This method is very convenient and still used frequently. It however lacks some specificity since TBA reacts with several oxidation products to yield a pigment. As mentioned above, hundreds of isomers of PUFA oxidation products are formed in vivo as ester and free forms. Thus, it is very difficult to detect and measure specific hydroperoxides by the TBA method. Some sophisticated methods and results have been reported concerning the identification, structure determination, and quantification of hydroperoxides. For example, Nakagawa et al. reported the detection of squalene monohydroperoxide from human forehead skin by using liquid chromatography-tandem mass spectrometry LC-MS/MS and suggested it to be the principal target of oxidative stress by sunlight exposure 22 .
Prostanes
The oxidation of arachidonates by lipoxygenases and cyclooxygenases has been studied extensively 23 . During the last decade, isoprostanes IsoPs , which are prostaglandin F2-like compounds, and neuroprostanes NPs , formed by the non-enzymatic free radical-mediated oxidation of arachidonates and docosahexaenoates respectively, are now regarded as being the gold standards for assessing oxidative stress in vivo 24 
HODEs
Linoleates are more stable than arachidonates and docosahexaenoates in terms of free radical-mediated oxidation. Linoleates are the most abundant PUFAs in vivo, and their oxidation proceeds by a straightforward mechanism that yields much simpler products than the oxidation of arachidonates and more highly unsaturated fatty acids, such as docosahexaenoates. The absolute concentrations of lipid hydroperoxides in vivo are considered minimal because they are the substrates of many enzymes such as glutathione peroxidases and phospholipases. In such cases, the stable oxidation products are HODEs. We recently proposed the measurement of total hydroxyoctadecanoic acid tHODE and 7-hydroxycholesterol t7-OHCh as biomarkers of oxidative stress in vivo 26 . In this method, biological samples, such as plasma, erythrocytes, urine, and tissues, are reduced by triphenylphosphine, followed by saponification with potassium hydroxide. The hydroperoxides as well as hydroxides of both free and esterified forms of linoleic acid and cholesterol are measured as tHODE by LC-MS/MS and as t7-OHCh by gas chromatography-mass spectrometry GC-MS . The efficacy for scavenging peroxyl radicals by antioxidants in vivo can be estimated with the stereospecificity, i.e., the ratio between Z, E-HODE and E, E-HODE, which is another advantage of this method. This ratio may be useful for evaluating the beneficial effects of antioxidant foods, spices, beverages, supplements, and drugs. Enantio-selectivity is interesting in this context: the enzymatic oxidation of linoleic acid and arachidonic acid by 15-lipoxygenase predominantly forms S -HPODEs and S -hydroperoxyeicosatetraenoic acid HPETEs respectively, but the reaction is not completely selective in membranes and lipoproteins. However, free radical-mediated oxidation gives equal amounts of R and S -HPODEs, while the enantio-selectivity of the oxidation with singlet oxygen is not known, especially in vivo Fig. 4 . Recently, we found that singlet oxygen-specific products 10-and 12-HODEs are promising biomarkers for the early detection of diabetes 27 , which is discussed in more detail later. Furthermore, we have demonstrated that sublethal concentrations of racemic 10-and 12-HODEs exert cytoprotective effects in vitro. Treating HaCaT cells with sublethal concentrations of 10-and 12-Z, E -HODEs, but not 9-and 13-Z, E -HODEs, caused resistance to hydrogen peroxide-induced oxidative damage. Microarray analysis of HaCaT cells revealed that 10-and 12-Z, E -HODEs induced cellular antioxidant genes such as heme oxygenase-1 HO-1 and glutathione synthesis enzymes via the Kelch-like ECHassociated protein 1/ nuclear factor-erythroid 2 p45-related factor 2 Keap-1/Nrf2 pathway 28 . In our animal study, the plasma levels of 10-and 12-HODEs in type 2 diabetes model in Tsumura Suzuki Obese Diabetes TSOD mice before exhibiting impaired glucose tolerance were significantly higher than those of control mice, indicating that singlet oxygen-mediated oxidation is the dominant mechanism in diabetic mice in the prediabetic stage 29 . Accordingly, 10-and 12-HODEs may be useful for the early detection of diabetes. Taken together with the in vitro cellular experiment mentioned above, 10-and 12-HODEs will increase before the onset of diabetes by exerting an adaptive response. Strikingly, 10-and 12-HODE levels in the plasma of healthy volunteers Normal were similar, suggesting that singlet oxygen attacks 10-and 12-positions of linoleates equally Table 1 , unpublished data calculated from ref. 27 . It is interesting to note that 10-HODE levels tended to increase with decreasing glucose tolerance, more noticeable than 12-HODE although not significant. The reason of this is unknown. For the elucidation of biological and physiological mechanisms, ratios between R and S 10-and 12-HODE detected in blood need to be determined. The chemical mechanism of the oxidation of linoleic acids by singlet oxygen is illustrated in Fig. 5 . As shown in Fig. 5 , conjugated products can be the target of singlet oxygen to
Fig. 4
Enantio-specificity of HPODE.
13(S)-(Z, E)-HPODE is formed by enzymatic and radical mediated oxidation whereas 13(R)-(Z, E)-HPODE is
formed by radical oxidation but not by enzymatic oxidation. Enantio specificity of singlet oxygen-mediated oxidation is not known in vivo. yield undetected and non-reported products, such as endoperoxide Diels-Alder type reaction . It should be noted again that the chemical reaction of singlet oxygen with olefin gives racemic compounds in vitro, while its enantiospecificity in vivo is not known.
Hydroxyeicosatetraenoic acids HETEs
The oxidation of arachidonic acids is important for the evaluation of oxidative stress in vivo, because although they are generally not as abundant as linoleic acids, they bear six bisallylic hydrogens as against two bisallylic hydrogens in the structure of linoleic acids. The primary oxidation products of arachidonic acids are hydroperoxyeicosatetraenoic acids HPETEs , but as mentioned above, the oxidation mechanism is very complex. Enzymatic oxidation results in the formation of several isomers: COX-2 converts arachidonic acid to 11R -, 15S -, and 15R -HPETE 42 ;
and 15-LO-1 gives 12S -and 15S -HPETE 30 . Free radical-mediated oxidation yields much more complex racemic products than enzymatic oxidation. Some of these products are summarized in 
Practical uses of HODEs for the early detection of diseases
Emerging evidence has indicated the involvement of lipid peroxidation in various disorders and diseases; consequently, biomarkers of lipid peroxidation have gained increasing attention. The detection and identification of lipid peroxidation products is easier and more reliable than the detection of reactive oxygen species, reactive nitrogen Singlet oxygen-mediated oxidation proceeds via ene reaction. It is possible but not reported that conjugated diene (13-(Z, E)-H(P)ODE) further reacts with singlet oxygen to form endoperoxide (Diels-Alder type reaction).
Table 2
Oxidation products of arachidonic acid, hydroperoxyeicosatetraenoic acids (HPETE), by enzymatic and free radical-mediated oxidation. The products in red character is formed by both enzymatic and free radical-mediated oxidation.
species, and other active oxidants; lipid peroxidation products can be detected by using various probes and techniques such as ESR spin trapping technique and fluorescence and chemiluminescence probes. Coordination ionspray mass spectrometry and electrospray ionization, or matrix-assisted laser desorption and ionization time-offlight mass spectrometry are considered powerful tools for detecting and identifying complex mixtures of lipid peroxidation products such as IsoPs and NPs 36 . The oxidation products of linoleates are now measured by GC-MS or high-performance liquid chromatography-tandem mass spectrometry with high accuracy and sensitivity. However, each technique also has its specific limitations. The development of simpler and more convenient detection and quantification systems such as enzyme-linked immunosorbent assay is thus desirable. Numerous studies have shown that the extent of lipid oxidation is higher in diseased patients than in normal subjects 37, 38 . The levels of tHODE, t8-iso-PGF 2α , and t7-OHCh in the plasma and erythrocytes of 44 healthy human subjects were measured to assess the levels of lipid oxidation and antioxidants such as vitamin E 8 homologues , vitamin C, and coenzyme Q10 reduced and oxidized forms in humans 39 . The levels of E, E -HODEs, which are formed selectively by free-radical oxidation, were found to increase with aging, whereas reduced and oxidized forms of coenzyme Q 10 , Q 10 H 2 , and Q 10 decreased with age. This is in good accordance with the decreasing stereoisomer ratio of HODE Z, E/E, E that shows antioxidative capacity in vivo. Under non-pathological processes, the capability of tissues to synthesize CoQ 10 was reported to decrease with age. It is striking that the isomer ratio of HODE Z, E/E, E significantly correlated with Q 10 H 2 and Q 10 , and that this observation is supported by animal experiments 40 .
In our previous study, we measured the plasma levels of tHODEs in patients suffering from hepatitis C, cirrhosis, non-alcoholic steatohepatitis NASH , alcoholic steatohepatitis, Alzheimer s disease, vascular disease, Parkinson s disease nephritis, diabetes, diabetic nephritis, and atherosclerosis 41 . In this study, we measured the levels of lipid oxidation products in plasma and livers of hepatitis C-and B-infected patients and compared them with those in control subjects 42 . tHODE, tHETE, and t7-OHCh were found to be the major products in both plasma and livers, and t8-iso-PGF 2α level was relatively low. The levels of lipid oxidation products in the plasma and liver of patients were higher than that in those of healthy subjects. We also found that the levels of tHODE and oxidatively modified peroxiredoxin-2 and peroxiredoxin-6 in patients with Alzheimer s disease were significantly higher than those in healthy controls, and that they increased with increasing clinical dementia ratings 39 . These results suggest that HODEs can serve as biomarkers for the early detection of diseases. The role of oxidative stress in neurodegenerative diseases has received much attention recently, whereby elevated levels of lipid oxidation products have been observed in patients with neurological diseases 43 45 . It is interesting that plasma levels of tHODEs of patients suffering from lifestyle-related diseases such as diabetes, diabetic nephritis, atherosclerosis, and NASH were much higher than those of healthy volunteers. Admittedly, the lack of specificity is an inherent drawback that is associated with oxidative stress biomarkers of lipids. Some diseases show large overlaps, e.g., liver diseases and Parkinson s disease. Nevertheless, the combination of several biomarkers should be effective in improving their accuracy so that they may be used as surrogate biomarkers to monitor disease progression and evaluate therapies, and more importantly for early detection of diseases. Accordingly, we studied the early stage of diabetes by performing the oral glucose tolerance test for healthy volunteers. We determined that the combination of four biomarker levels in addition with 10-and 12-HODEs in fasting plasma samples can help identify borderline subjects within the gray zone of impaired glucose tolerance and insulin resistance submitted . Human atherosclerosis lesions contain higher levels of HODE than non-atherosclerosic vessel walls 46 . Another study showed that racemic 9-and 13-HODEs were significantly increased in NASH patients compared with patients with steatosis, by using a chiral separation method 47 .
It is important to modify the method of analysis according to the targeted samples and diseases. We previously analyzed human urine and CSF samples and found little difference between the levels of total and free forms of 8-iso-PGF 2α and HODE. We have measured the levels of free 8-iso-PGF 2α and HODE in CSF of patients with and without symptomatic vasospasm SVS in order to elucidate the involvement of oxidative stress in vasospasm generation after SAH 48 . We found that the levels of free 8-iso-PGF 2α , HODE, and plasma platelet-activating factor-acetyl hydrase PAF-AH activity were higher in patients without SVS than with SVS. Thus, we speculated that plasma PAF-AH can hydrolyze oxidized phospholipids and attenuate the spread of lipid peroxidation. As mentioned above, lipid peroxidation biomarkers, especially HODE, may be useful as biomarkers for the early detection of several diseases depending on its isomers since the isomer can provide the information on the mechanism of the onset of the disease. However, the measurement of HODE is limited to the use of expensive apparatus such as LC-MS/MS since its molecular weight is relatively law and the absence of specific antibody. We are now developing a high throughput multi-marker analysis system equipped with CD-type device and its measuring apparatus after obtaining the specific antibody.
Conclusion
Under oxidative stress, lipid peroxidation is the major reaction in vivo, and its products play an important role in the pathogenesis and progression of several diseases. However, lipid peroxidation yields complex products, including hydroperoxides, and cleavage products, such as aldehydes and adducts. These products exert cytotoxic and genotoxic effects 49 58 depending on their chemical structure including regio-, stereo-, and enantio-isomers. We should keep in mind that we still do not know whether the lipid oxidation products are the cause or the result of oxidative stress. Further detailed studies are necessary for the elucidation of their implications in vivo and their applications as biomarkers to diagnose disease progression, evaluate therapies, and for their use in health examinations.
